In a recent study (Ogushi et al. (2004) J. Biol. Chem. 279,12213-12219) concluded that gangliosides serve as co-receptors for flagellin signaling via toll-like receptor 5 (TLR5). In view of several findings in this study that were inconsistent with a role for gangliosides as coreceptors, we re-examined this important issue. Using TLR5-negative RAW 264.7 cells and a TLR5-enhanced yellow fluorescent protein (TLR5-EYFP) chimera, we established an assay for production. Our findings are consistent with the conclusions that gangliosides are not essential co-receptors for flagellin and that the inhibitory effect of gangliosides is mediated by at least one mechanism that is distinct from any effect on the binding of flagellin to TLR5.
INTRODUCTION
Flagellin, the major structural protein of flagella from Gram-negative bacteria, is an extraordinarily potent activator of inflammatory cells such as monocytes, macrophages, epithelial cells, osteoblasts, and fibroblasts (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) . In response to flagellin stimulation, these cell types produce a spectrum of pro-inflammatory cytokines such as interleukin-1 (IL-1) 1 , IL-6, IL-8, IL-10, tumor necrosis factor-(TNF-), a number of chemokines, as well as nitric oxide, -defensins, and metalloproteinases. Although flagellin signaling is mediated via toll-like receptor 5 (TLR5) (4, 15, 16) , the expression of nitric oxide synthase and nitric oxide production require signaling via TLR5/TLR4 heteromeric complexes (17) . This difference in signaling between TLR5 homomeric complexes and TLR5/TLR4 heteromeric complexes is related to the ability of TLR5/TLR4, but not TLR5/TLR5 complexes to induce the expression of type I interferons, a key step in the induction of nitric oxide synthase expression in macrophages. The interaction of flagellin with TLR5 involves the recognition of a specific domain of TLR5 encompassing amino acid residues 386-425 within the extracellular domain of the protein (18) and specific regions within the conserved amino and carboxyl domains of flagellin (19) (20) (21) (22) . Following the interaction of flagellin with TLR5, a signaling cascade is initiated that involves MyD88 (15) , the IL-1 receptor associated kinase (IRAK-1) (16, 23) , as well as downstream components such as the ERK 1/2 and p38 kinases and the transcription factor, NF-B (4-6,9,10,15,24). M PPMP. The cells were then washed 3 times with ice-cold PBS. Cells were re-suspended in 1ml of TBS containing 5 mg/ml bovine serum albumin, 1 mg/ml glycine, 0.05% Tween 20, 10%
goat serum (TBS-BGT) and 10ug/ml Alexa fluor 488 conjugated cholera toxin B subunit and then incubated on a rocker for 1 h at 4 o C. The cells were washed 5 times with TBS-BGT, fixed with 4% paraformaldehyde in PBS, and then washed 3 times with TBS-BGT prior to examination by confocal microscopy.
IRAK-1 Kinase
Assay -IRAK-1 kinase activity in HeNC2 or RAW 264.7 cell lysates was measured as previously described (16, 23) . Cells were incubated in serum-free medium to prevent non-specific absorption of gangliosides by serum proteins. Reaction products were subject to SDS-PAGE, and the phosphorylated form of the substrate, myelin basic protein (MBP), was visualized by autoradiography. Band intensities were quantitated using a Kodak
Image Station 2000 RT.
Induction and Measurement of TNF Production -HeNC2 and THP-1 (2 x 10 6 cells/ml)
were seeded in 24-well tissue culture plates in serum-free medium containing the indicated concentrations of flagellin and gangliosides. After 4 h, culture supernatants were harvested, and TNF production was measured using ELISA kits from BD Pharmingen. To assess the effect of gangliosides on TNF production in TLR5-EYFP-expressing RAW 264.7 cells, the cells (8 X 10 4 cells per well) were cultured overnight in 12 well plates in serum-free medium with or without flagellin and 10 g/ml gangliosides. The culture medium from each well was thenharvested and analyzed for TNF content by ELISA. rhodamine-labeled anti-rabbit IgG, confocal microscopy was employed to assess TLR5-EYFP expression and the degree to which flagellin bound to TLR5. In the absence of flagellin (Fig.   1A ) or in the presence of the inactive mutant 229 (Fig. 1B) , there was no detectable rhodamine staining. However, when cells were incubated with flagellin, a pattern of staining was observed that was consistent with the binding of flagellin to surface TLR5 (Fig. 1C) This difference is well within the experimental error of this type of assay. Thus these results support the notion that internalization is not required for TLR5 signaling in macrophage-like cells.
RESULTS

Flagellin
Gangliosides Inhibit Flagellin Induced TNF Production in HeNC2, THP-1, and RAW
264.7 Cells -After establishing an assay for the cell surface binding of flagellin to TLR5 ( Fig. 1) and that TLR5 signaling occurs at the cell surface, we focused our analysis on the question of gangliosides as co-receptors for TLR5. We began by determining the effect of gangliosides on the induction of TNF production in HeNC2 and THP-1 cells. Each cell type was incubated with 10 -9 M flagellin in the presence or absence of 30µg/ml mixed gangliosides for 4 h at 37° C.
Supernatants were analyzed for TNF by ELISA. As shown in Figure 3 , exogenous gangliosides inhibited TNF production in HeNC2 cells (Fig. 3A) by approximately 75% and completely abrogated TNF production in THP-1 cells (Fig. 3B) . These results are consistent with the observed inhibitory effect of gangliosides on flagellin-induced human -defensin-2 promoter activity in Caco-2 cells (25) . The effect of the mixed gangliosides was concentrationdependent. Maximal inhibition was obtained with approximately 10 g/ml mixed gangliosides and was absent at concentrations less than approximately 0.3 g/ml (data not shown). In addition to HeNC2 and THP-1 cells, we also evaluated the effect of mixed gangliosides on TNF production in RAW 264.7 cells stably transfected with TLR5-EYFP. These cells were equally sensitive to the inhibitory action of gangliosides (Fig. 3C) .
Gangliosides Inhibit Flagellin-Induced IRAK-1 Activation -Having established the inhibitory effect of gangliosides on TNF production in HeNC2 and THP-1 cells, we next determined whether gangliosides inhibit IRAK-1 activation in flagellin-responsive cells. HeNC2
cells (10 7 ) were incubated in the presence or absence of 10 -9 M flagellin with or without 10µg/ml mixed gangliosides for 5 min at 37°C, and then prepared for analysis of IRAK-1 kinase activity.
As shown in Figure 4A , mixed gangliosides inhibited flagellin-induced IRAK-1 activity (by approximately 75%). This level of inhibition is consistent with the 75% decrease in TNF production ( Fig. 3) . It is important to note that gangliosides had no direct effect on IRAK-1 activity. Incubation of active IRAK-1 from flagellin-stimulated cells with 10 g/ml mixed gangliosides did not result in any detectable decrease in kinase activity (data not shown). Ogushi et al. (25) reported that GD1a, but not asialo-GM1, inhibited flagellin signaling. Therefore, we examined the effect of these two individual gangliosides on flagellin-induced IRAK-1 activation.
RAW 264.7 cells stably expressing TLR5-EYFP were incubated in the presence or absence of flagellin for 1 h at 4 o C to allow for the binding of flagellin, washed, rapidly shifted to 37 o C in the presence or absence of 10 g/ml GD1a or asialo-GM1, and incubated for 5 min prior to analysis of IRAK-1 kinase activity. As presented in Figure 4B , GD1a, but not asialo-GM1, inhibited IRAK-1 activation to the same extent as the mixed gangliosides. flagellin (P), or EPEC flagellin (E) with or without 10µg/ml mixed gangliosides and analyzed for TNF production (Fig. 4C) and IRAK-1 kinase activity (Fig. 4D) . As with S. enteriditis flagellin, gangliosides inhibited PAO1-and EPEC-induced TNF production in HeNC2 cells by approximately 80% (Fig. 4C) . Additionally, exogenous gangliosides had a comparable inhibitory effect on PAO1-and EPEC-induced IRAK-1 activation (Fig. 4D ). These findings demonstrate that gangliosides inhibit signaling induced by flagellins from different sources and that trypsin protection does not correlate with the inhibitory effect of gangliosides on flagellin signaling. Fig. 2) . The finding that IRAK-1 activation in response to flagellin occurs very rapid, i.e., within 1-2 minutes (23) is also consistent with cell surface signaling.
Gangliosides Inhibit Flagellin Signaling in the Absence of an Effect on Flagellin
The results reported in this study are also consistent with the conclusion that although gangliosides inhibit flagellin signaling, they are not essential co-receptors. This conclusion is based on the following lines of evidence. First, gangliosides exert an inhibitory effect in the presence of TLR5-bound flagellin (Fig. 5) . Second, depletion of gangliosides does not alter the concentration-dependence or the magnitude of the flagellin-induced response (Fig. 6 ). Our results with PPMP appear to be in conflict with those of Ogushi et al. (25) . These investigators observed that PPMP treatment decreased the flagellin response by 40-50%. However, these investigators did not correct their results for the growth inhibitory effect of PPMP. In our experiments, PPMP reduced RAW 264.7 cell growth in the range of 25-55%. Third, CHO-K1 cells that lack gangliosides other than GM3 (27) , are as flagellin-responsive as other cell types that produce a broad array of gangliosides (25) . The observation that reduction of gangliosides does not result in an elevated flagellin response support the notion that gangliosides, under physiological conditions, are present in insufficient amounts to modify TLR5 signaling. This conclusion is also supported by the finding that relatively high concentrations of gangliosides are required to significantly inhibit flagellin signaling (this study and ref. (25)).
An increasing number of studies have revealed that exogenous gangliosides can modulate signaling by a wide range of receptors. For example, gangliosides modify signaling by the epidermal growth factor receptor (35) (36) (37) (38) (39) , the platelet-derived growth factor receptor (40-42), TLR4 (43-46), CD4 (47), Fc RI (48), and IL-4 (49). In most cases, gangliosides are inhibitory, but in some instances they actually enhance receptor signaling (see for example, ref. (39)). The latter type of effect may occur at lower concentrations of gangliosides, whereas the inhibitory effect is clearly associated with high concentrations of exogenous gangliosides. Work in various systems has revealed three basic mechanisms by which gangliosides inhibit signaling (see ref.
(50) for an excellent review). Gangliosides may interact with the ligand and thus block interaction with a receptor. Alternatively, they may inhibit receptor dimerization-a key event in receptor signaling. Thirdly, gangliosides may modulate the activation state or cellular localization of receptors. This latter mechanism may involve receptor modification by phosphatases or kinases or displacement of receptors from specific membrane microdomains.
In the case of flagellin, it is likely that the inhibitory effect of gangliosides is due to at least two types of mechanisms. The first may involve a direct interaction between flagellin and high concentrations of gangliosides that blocks the binding of flagellin to TLR5. The available evidence indicates that gangliosides containing multiple N-acetylneuraminic acid molecules interact with flagellin in a manner that is relatively non-specific and low affinity (25, 51) . In view of the observation that gangliosides do not reduce flagellin binding after flagellin is bound to TLR5 (Fig. 5) , we contend that if exogenous gangliosides impair flagellin binding to TLR5, they do so by interacting with regions of flagellin that are involved in the binding to TLR5 and not to membrane-associated gangliosides. The observations that gangliosides are not required for the high affinity binding of flagellin to TLR5 (18) nor for flagellin signaling (Fig. 6 ) support this conclusion. Furthermore, the absence of flagellin binding in TLR5-negative RAW 264.7 cells (Fig. 1) provides additional evidence against the notion that membrane-associated gangliosides serve as co-receptors for flagellin.
In preliminary experiments, we found that mixed gangliosides do not inhibit the ability of TLR5 to form homodimers (as measured by the co-immunoprecipitation of TLR5 tagged with FLAG or HA epitopes). However, it is possible that TLR5 signaling requires higher order oligomers and that gangliosides inhibit the formation of these oligomers and in so doing, prevents the association or activation of adapter molecules such as MyD88, IRAK-1, and IRAK-4. This possibility is a subject of current investigation.
Although gangliosides do not inhibit flagellin signaling via an effect on TLR5 dimerization, they may affect the membrane microenvironment of TLR5 and thus reduce its signaling potential. As noted earlier, gangliosides have been shown to inhibit the phosphorylation of a number of receptors including the platelet-derived growth factor (40) (41) (42) and epidermal growth factor receptors (36, 37) . Although phosphorylation of TLR5 has not been enteriditis (F), P. aeruginosa (PAO1), or E. coli (EPEC) flagellin with our without 10 g/ml mixed gangliosides. IRAK-1 activity was then determined using MBP as a substrate. 
